It is generally believed that cellular chaperones facilitate the folding of virus capsid proteins, or that capsid proteins fold spontaneously. Here we show that p73, the major capsid protein of African swine fever virus (ASFV) failed to fold and aggregated when expressed alone in cells. This demonstrated that cellular chaperones were unable to aid the folding of p73 and suggested that ASFV may encode a chaperone. An 80-kDa protein encoded by ASFV, termed the capsid-associated protein (CAP) 80, bound to the newly synthesized capsid protein in infected cells. The 80-kDa protein was released following conformational maturation of p73 and dissociated before capsid assembly. Coexpression of the 80-kDa protein with p73 prevented aggregation and allowed the capsid protein to fold with kinetics identical to those seen in infected cells. CAP80 is, therefore, a virally encoded chaperone that facilitates capsid protein folding by masking domains exposed by the newly synthesized capsid protein, which are susceptible to aggregation, but cannot be accommodated by host chaperones. It is likely that these domains are ultimately buried when newly synthesized capsid proteins are added to the growing capsid shell.
Chaperones prevent the irreversible aggregation of proteins in cells (15, 16) . The Hsp70/DnaK chaperones bind short stretches of hydrophobic amino acids exposed in nascent chains emerging from ribosomes. Proteins released from Hsp70 attempt to fold and bury hydrophobic domains, but if unsuccessful they rebind or are transferred to ring chaperonins such as GroEL and GroES or the TCP1 (TriC/CCT) chaperonin. A broad spectrum of newly synthesized polypeptides associate with these chaperones "in vivo," and the chaperone pathway is viewed as one of broad specificity and high capacity (15, 16, 19, 37) . The folding of some proteins, however, requires specialized chaperones, and these may be needed to coordinate protein folding with subunit assembly (18) . The PapD chaperones of Escherichia coli, for example, reduce nonproductive interactions between pilin subunits before they are assembled into the base of the growing pilus (3) .
The careful coordination of protein folding and subunit assembly are important during the assembly of icosahedral viruses. Icosahedral capsids contain an exact number of protein subunits assembled into an ordered lattice; the simplest ones contain 60 identical subunits, while the largest ones contain several thousand. Capsid subunits are synthesized as monomers in the cytosol and expose domains that are ultimately buried during capsid assembly. In order to prevent nonproductive capsid aggregation, it is important that inappropriate interactions between these domains are minimized before delivery of the capsid subunit onto the growing capsid shell. For some viruses aggregation may be prevented by host chaperones (14, 17, 24, 25) or through assembly with scaffold proteins (22, 29) .
The Iridoviridae and African swine fever virus (ASFV) virus are a group of cytoplasmic DNA viruses with very large capsids. ASFV shares the genomic organization of the Poxviridae and the striking icosahedral symmetry of the Iridoviridae (1, 7, 21) and has been described as a missing evolutionary link between poxviruses and iridoviruses (31) . A possible evolutionary link between ASFV and the Iridoviridae is supported by the sequence homology between the major capsid proteins of the viruses (33) and close similarities in morphology and morphogenesis (2, 21, 26, 27, 30, 34, 35, 43) . Early studies on negatively stained and freeze-dried ASF virions have shown capsid layers 190 nm in diameter containing as many as 2,000 capsomeres organized into a hexagonal lattice, suggesting icosahedral symmetry (1, 7, 21) . More recent cryoreconstructions of mature capsids of the iridovirus, Paramecium bursari chlorella virus, reveal 1,680 hexavalent capsomers containing as many as 5,000 copies of individual capsid proteins (41) . At present it is not known how cells ensure the correct assembly of these large structures. For ASFV, assembly is initiated by the recruitment of the major capsid protein, p73, from the cytosol onto the cytosolic face of the endoplasmic reticulum (ER) (11, 12) . The capsid protein is then assembled progressively into a large complex on both sides of ER cisternae (2, 12, 30) . This is an energy-dependent process that requires a continuous supply of newly synthesized capsid protein (12, 13) . The localized and vectorial assembly of several thousand capsid subunits into virions on ER cisternae suggests that some mechanism prevents premature aggregation of the newly synthesized capsid protein in the cytosol. Given the documented ability of molecular chaperones to prevent protein aggregation, we have investigated the role played by chaperones during the early stages of ASFV assembly. Surprisingly, the major capsid protein of ASFV could not be folded by host chaperones. Instead, the virus encodes a specialized chaperone which prevents aggregation of the capsid protein before delivery onto the growing capsid shell.
RESULTS
Rapid conformational maturation of the capsid protein occurs in the cytoplasm before binding to the ER. The folding of p73, the major capsid protein of ASFV, was studied by following the appearance of epitopes recognized by 4H3, a conformation-dependent antibody (Fig. 1A, left lanes) . Infected cells were pulse-labeled for 2 min to label the nascent capsid protein and then chased for 30 min. The epitope recognized by 4H3 appeared at low levels after 2 min and increased to a peak at between 5 and 15 min. The increase in signal obtained using 4H3 was mirrored by a loss of signal when lysates were reprecipitated with a conformation-independent antibody, 17LD3. Taken together the immunoprecipitations indicated a rapid conformational maturation of p73 immediately after synthesis. The total quantity of p73 precipitated at each time point increased between 2 and 15 min; even so, the relative levels of folded versus unfolded p73 increased with time. The increase in signal during this period may be due to the slow elongation of nascent chains since the effect was reduced if the chase was repeated in the presence of cycloheximide (results not shown). The conformation of p73 was also tested by adding trypsin to cell lysates (Fig. 1A, right lanes) . Significantly, protease-resistant fragments were absent from pulse-labeled cells but appeared by between 2 and 5 min into the chase period. Both experiments indicated a rapid conformational maturation of the capsid protein in infected cells.
The capsid of ASFV is assembled on the cytoplasmic face of the ER (2, 11, 12, 30) . The next experiment determined whether the capsid protein folded before binding to the ER membrane. If this was the case, it could be concluded that the early conformational maturation observed above took place before the addition of the capsid protein onto the growing capsid shell. Vero cells infected with ASFV were again pulse-labeled for 2 min and chased for increasing times. Crude membrane and cytosol fractions were prepared as indicated, and the conformation of p73 was probed by immunoprecipitation ( Fig.  1B) . As anticipated from the above experiments, 4H3 detected very little folded p73 during the pulse in either the cytosolic or membrane fraction (lanes 1 and 4, respectively). At this time point unfolded p73, as detected by 17LD3, was primarily located in the cytosolic fraction (lane 2). However, a very small proportion was present in the membrane fraction. This level fell during the experiment and was undetectable by 30 min into the chase (lane 5). After a 2-min chase approximately 40% of the p73 had folded into a conformation recognized by 4H3; the remainder was detected by 17LD3 and was therefore unfolded protein. Both pools were still confined to the cytosol at this time point. As the chase times were extended, the proportion of folded p73 increased, and this was paralleled by an increase in the levels of capsid detected on the membrane fraction (lane 4). We have shown previously that these membranes cosediment with ER marker proteins (11) . Significantly, all of the membrane-associated capsid protein could be removed from lysates using the conformation-dependent antibody, indicating that only the conformationally mature form of p73 bound the ER. The results showed that the conformational maturation of p73 occurred before association with the ER membrane and therefore took place before the onset of assembly of the viral capsid.
Cellular chaperones are unable to assist capsid folding. The ability of host chaperones to assist in the conformational maturation of p73 was tested by expressing the protein in the absence of other ASFV proteins ( Fig. 2A) . Low levels of p73 were recovered from lysates by 4H3, either during the pulse or during a 30-min chase, and p73 failed to mature into a conformation resistant to trypsin. Furthermore, ladders of proteins were immunoprecipitated by 17LD3, suggesting that misfolding resulted in degradation of the capsid. When the distribution of p73 expressed alone in cells was analyzed by immunofluorecence microscopy (Fig. 2B ), the capsid protein was localized to clumps in the cytoplasm. These structures failed to colocalize with markers for cellular membrane compartments such as ERGIC, Golgi apparatus, endosomes, or lysosomes (not shown), suggesting aggregation of p73. The possible aggregation of p73 was tested further by extracting homogenized cells with mild detergent (Fig. 2C) ; under these conditions, more than half of the total p73 expressed in BSC40 cells pelleted with a crude membrane and nuclear fraction (N). Significantly, all the p73 contained within the pellet resedimented following extraction with immunoprecipitation buffer containing 1% Brij 35(A) Taken together, the lack of colocal- The aggregation of p73 expressed alone in cells showed that cellular chaperones could not assist the folding of the capsid protein and raised the interesting possibility that the virus may encode a chaperone. Newly synthesized p73 in infected cells migrates at between 150 and 200 kDa on sucrose gradients (12) , suggesting that p73 may associate with a protein of similar size. Interestingly, analysis of the complete genome of ASFV (42) showed that the B602L reading frame, next to the gene encoding p73 (Fig. 3A) , was one of the few viral genes encoding a protein of 70 kDa. A rabbit polyclonal antibody (CC1) was raised against a peptide representing a hydrophilic stretch of amino acids (residues 23 to 44) toward the N terminus of the protein encoded by the B602L gene. Immunoprecipitations of cells expressing p73 or the B602L protein alone are shown in panel B of Fig. 3 . The capsid protein migrating at 70 kDa was precipitated by the conformation-independent monoclonal antibody 17LD3 and a rabbit polyclonal antibody raised against recombinant p73 expressed in bacteria (TW59). The B602L gene product migrated at 80 kDa. The 10-kDa increase in expected size of the B602L gene product was shown by deletion analysis to be caused by the central cysteine-rich domain, producing abnormal migration of the protein in SDS-PAGE (data not shown). Significantly, in cells expressing both proteins, complexes of p73 and the 80-kDa protein were recovered by both antibodies specific for p73, showing that the B602L (B) The protein encoded by the B602L gene binds the major capsid protein of ASFV. The proteins were expressed in BSC40 cells either alone or together as described in the legend to Fig. 2 . Cells were pulse-labeled for 30 min and immunoprecipitated using antibodies specific for p73 (17LD3 and TW59) or B602L (CC1). The migration of p73 and the B602L gene product (CAP80) following SDS-PAGE are indicated. (C) CAP80 binds the major capsid protein of ASFV in infected cells. Vero cells infected with ASFV were pulse-labeled for 30 min, lysed, and immunoprecipitated using antibody specific for CAP80 (CC1). Half of the precipitate was denatured in 1% SDS, diluted in lysis buffer, and reprecipitated using an antibody specific for p73 (17LD3). Proteins were resolved by reduced SDS-PAGE, and CAP80 and p73 are indicated.
gene product bound to p73. The presence of these complexes in cells infected with ASFV was confirmed by immunoprecipitation of metabolically labeled cells infected with ASFV (Fig.  3C) . The antibody raised against the 80-kDa protein coprecipitated a 70-kDa protein from infected cells. When the complex was denatured, the 70-kDa protein could be reprecipitated by antibodies specific for p73. Given the properties of the B602L gene product, the protein was called capsid-associated protein 80 (CAP80).
Transient association of p73 with CAP80 in cells infected with ASFV. The time course of association of CAP80 with p73 in cells infected with ASFV was analyzed by pulse-chase immunoprecipitation (Fig. 4A) . CAP80-p73 complexes were recovered from infected cells labelled for just 2 min, a time when the capsid was conformationally immature (see Fig. 1 ). Significantly, the capsid protein dissociated from CAP80 30 min into the chase, suggesting the release of CAP80 from the conformationally mature capsid protein. For many viruses, capsid assembly is assisted by scaffold proteins that form large procapsid complexes but dissociate during capsid maturation. To see if CAP80 were functioning as a scaffold during assembly, the sizes of complexes containing CAP80 were analyzed. Figure 4B shows that CAP80 migrated at 150 to 200 kDa on sucrose gradients, both during a short pulse and during the 30-min chase period coincident with the onset of dissociation of p73. We have shown previously (12) that assembly of p73 into a large protein complex indicative of a capsid begins 30 min after synthesis and that p73 migrates at the bottom of sucrose gradients at these time points. The lack of movement of CAP80 to the bottom of the sucrose gradient suggested that dissociation of CAP80 occurred before addition of p73 to the growing capsid shell. The results suggested that CAP80 is primarily involved in folding p73 subunits rather than acting as a scaffold protein to produce procapsids.
CAP80 facilitates folding of virus capsid protein.
The ability of CAP80 to affect the folding of p73 was tested directly by expressing both proteins in fibroblasts (Fig. 5A) . Importantly, when p73 was expressed with CAP80, the capsid protein folded rapidly after synthesis. The levels recovered by the conformation-dependent antibody 4H3 and the conformation-independent antibody 17LD3 from matched lysates taken from cells pulse-labeled for 5 min were the same (panel A), suggesting that most of the p73 was folded. Moreover, proteolytic fragments indicative of folding were recovered when lysates were incubated with trypsin, and the levels of these increased over 30 min. Immunofluorescence analysis of these cells (Fig. 5B) showed that both proteins were localized to a diffuse reticular stain in the cytoplasm rather than to aggregates, as observed in Fig. 2B . The reticular stain was provocative since it suggested association of a p73-CAP80 complex with the ER, the site of assembly of ASFV. Unfortunately, we were unable to confirm this since the reticular stain failed to colocalize with calnexin or the luminal ER protein ERP60 (not shown). The ability of CAP80 to increase the solubility of p73 was tested using the membrane extraction assay described above for Fig. 2C . Coexpression with CAP80 markedly increased the recovery of p73 from the soluble fraction, showing that the solubility of the capsid was substantially increased by CAP80 (Fig. 5C ). This ability to promote folding and prevent the aggregation of p73 was highly indicative of a chaperone function for CAP80.
The capsid protein dissociates from CAP80 after folding. A crucial feature of molecular chaperones is the ability to bind unfolded or conformationally immature proteins and then be released once folding is completed. The above data showed that CAP80 bound unfolded p73 in infected cells and in cells expressing just the two ASFV proteins, but the change in conformation of p73 associated with CAP80 had not been tested directly. The conformation of p73 associated with CAP80 was probed by adding trypsin to washed immunoprecipitates of CAP80 obtained from cells infected with ASFV (Fig. 6) . The production of tryptic fragments would indicate that p73 bound to CAP80 was folded. When immunoprecipitates isolated from pulse-labeled cells were probed with trypsin, we were unable to detect proteolytic fragments, suggesting that the associated p73 was conformationally immature. Importantly, after a 5-min chase, proteolytic fragments were observed, indicating that the p73 associated with CAP80 was now folded. At 30 min the levels of p73 decreased, indicating dissociation of folded capsid. These data show directly that in infected cells the capsid protein folds while associated with CAP80 and is ultimately FIG. 5 . CAP80 facilitates the folding of p73. (A) Conformational maturation of AFSV capsid protein coexpressed with CAP80. Monkey BSC40 cells were transfected with plasmids encoding p73 and CAP80 as described in Fig. 2 . Cells were pulse-labeled for 5 min and chased as indicated. Matched lysates were precipitated with 4H3 or 17LD3 or incubated with trypsin (ϩ) and then precipitated using 4H3. The migrations of CAP80, p73, and proteolytic fragments are indicated. (B) Subcellular distribution of capsid protein coexpressed with CAP80. P73 and CAP80 were coexpressed in BSC40 cells as described above. Cells were fixed in methanol and blocked, and the locations of p73 and CAP80 were determined by immunofluorescence microscopy using 17LD3 and CC1, respectively. Primary antibodies were visualized using appropriate secondary antibodies coupled to coupled to Alexa Fluor 488 or 594. (C) Subcellular factionation of cells coexpressing p73. P73 protein and CAP80 were expressed in BSC40 cells as described above and homogenized and fractionated as described in the legend to Fig. 2 . The distribution of p73 in representative samples was probed by Western blot using 17LD3 (T, total; N, postnuclear membrane pellet; S, soluble fraction; A, aggregate). The panel compares the distribution of p73 expressed alone (top, from Fig. 2 ) with the distribution when the protein was coexpressed with CAP80 (bottom).
released and so provide further convincing evidence for the chaperone function of CAP80.
DISCUSSION
Since viruses are obligate intracellular parasites, it is generally believed that the folding of viral capsid proteins is accommodated by host chaperones (14, 17, 24, 25) or that capsid proteins fold spontaneously (28) . This is based on the premise that the basic structures of virus capsids, and the cellular pathways that fold them, were put in place very early in viral evolution (4, 5) . This study has shown that the major capsid protein of ASFV undergoes a rapid conformational change very soon after synthesis. Remarkably, host chaperones were unable to facilitate this conformational maturation, and the capsid protein aggregated and precipitated when expressed alone in cells. The conformational maturation of the viral capsid protein was, instead, dependent on association with a virally encoded protein, termed CAP80. Several properties of CAP80 suggested that the protein functioned as a chaperone to aid the conformational maturation of the capsid. First, CAP80 prevented the aggregation of p73 and increased the solubility of the protein, suggesting an ability to mask hydrophobic domains exposed on the newly synthesized capsid protein. Second, coexpression of CAP80 and p73 facilitated the folding of p73 and allowed the capsid protein to fold with kinetics similar to that seen in infected cells. Third, in common with molecular chaperones, CAP80 associated transiently with its substrate. Sucrose density gradient sedimentation and membrane fractionation experiments showed that, in infected cells, CAP80 bound to the newly synthesized "unfolded" capsid protein but dissociated before the conformationally mature capsid protein was assembled into virions on the ER membrane.
The Hsp70 and Hsp40 proteins and ring chaperonins prevent protein aggregation by burying hydrophobic domains exposed on nascent chains emerging from the ribosome until sufficient structural information is available for the protein to fold productively. It is interesting to consider why host chaperones were unable to prevent aggregation of p73. The primary sequence of p73 contains several short stretches of hydrophobic residues flanked by basic residues able to bind Hsp70 (6). It is likely, therefore, that p73 binds Hsp70. The observed aggregation of p73 indicates that the capsid protein exposes aggregation prone domains that cannot be masked by Hsp70 or does not have sufficient structural information to fold productively. Since aggregation was prevented by CAP80, the viral chaperone must mask aggregation prone sites that are missed by host chaperones and/or provide the structural information necessary for productive folding. Immunoprecipitation analysis failed to detect proteins other than p73 associated with CAP80. CAP80 does not therefore appear to bind other viral proteins and appears to be a specialized chaperone dealing with specific protein folding problems posed by p73. We cannot at this point exclude the possibility that CAP80 associates with host chaperones since the short metabolic labeling times used in the immunoprecipitation experiments may not have detected host chaperones with low turnover rates.
It is not unusual for chaperones to show specificity for individual proteins (18) . In most cases, specialized chaperones bind proteins which, in common with capsid proteins, ultimately self-associate. The PapD chaperone of E coli, for example, prevents aggregation of individual pillus subunits and facilitates the assembly of pili (3). In vertebrates, Hsp47 binds to procollagen specifically (18, 36) , and the chaperone auxillin regulates clathrin coat assembly and disassembly (38) . It is thought that specialized chaperones bind specific domains in nascent protein chains that are prone to cause aggregation and dissociate when these domains are masked during protein selfassembly. This model would explain the specificity of CAP80 for p73. One function for CAP80 could be to mask such aggregation-prone sites on p73 until they can be used as binding sites during transfer to the growing capsid shell. Cycles of binding and release of CAP80 would prevent premature assembly or aggregation in the cytosol and enable vectorial assembly of the virus on the ER membrane. For several viruses, the delivery of capsid subunits onto growing capsid shells in- FIG. 6 . The conformation of p73 matures while the capsid protein is bound to CAP80. Infected cells were pulse-labeled for 2 min and chased as indicated. Cell lysates were immunoprecipitated with CC1 to capture CAP80-p73 complexes. The conformation of p73 bound to CAP80 was tested by adding trypsin to one half of the immunoprecipitate (ϩ), and the presence of protease-resistant fragments was detected by SDS-PAGE and autoradiography.
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VIRAL CHAPERONE 7227 duces a conformational change that exposes a site for the binding of the next subunit. This process, called conformational switching, allows the capsid to increase in size in a stepwise manner, eventually establishing icosahedral symmetry (8) . If further conformational changes in p73 took place following assembly into the capsid shell, these could trigger release of CAP80. Our results show that the conformation of p73 changed while the protein was bound to CAP80 and raise the interesting possibility that CAP80 can actively induce the conformational maturation of the capsid protein. If so, CAP80 appears to function differently from Hsp70 and the ring chaperonins that prevent aggregation but do not actively change the conformation of the associated proteins (15, 16) . The functions of CAP80 are more similar to PapD that induces a conformational change in pillin to ensure vectorial assembly at the base of the pilus (3). PapD prevents aggregation of the newly synthesized pillin subunit by donating a ␤ strand to an exposed hydrophobic pocket. During the assembly of the pilus, PapD dissociates, and the pocket is filled by a ␤ strand from the neighboring pilin subunit (10, 23, 32) . This process of donor strand complementation is similar in principal to conformational switching employed by icosahedral viruses and allows protein folding to be coordinated with particle assembly. Whether CAP80 provides similar transient structural information to p73 prior to assembly of the ASFV capsid will have to await analysis of the crystal structure of CAP80-p73 complexes.
Since the discovery of cellular chaperones more than 20 years ago (17) , there are few detailed studies of virally encoded chaperones required for capsid assembly. The Gp31 protein of the T4 bacteriophage, for example, is a functional homolog of GroES (39) , and the adenovirus p100 protein mediates the assembly of hexon trimers (9) . Although not strictly involved in capsid folding, vaccinia virus protein A33R acts as a chaperone to recruit viral protein A36R into virion envelopes and, in the absence of A33R, the A36R protein is incorrectly localized to the Golgi apparatus (40) . A requirement for a virally encoded chaperone during capsid folding may be rare because of the evolutionary risk imposed on the virus. Database searches revealed little homology between CAP80 and known chaperones or host proteins. The evolutionary origins of CAP80 therefore remain obscure. The reading frame for CAP80 lies next to the gene encoding p73 in the center of the ASFV genome (20, 42) . Interestingly, both reading frames read from the same direction, raising the possibility that they may originally have been joined and encoded a single structural protein. If the reading frames were separated during the evolution of ASFV, this would explain why the two proteins now have to be expressed together to provide sufficient structural information for productive protein folding.
